MRI-based estimates of cerebral morphometric properties, e.g. cortical thickness, are pivotal to studies of normal and pathological brain changes. These measures are based on automated or manual segmentation procedures, which utilize the tissue contrast between gray and white matter on T 1 -weighted MR images. Tissue contrast is unlikely to remain a constant property across groups of different age and health. An important question is therefore how the sensitivity of cortical thickness estimates is influenced by variability in WM/GM contrast. The effect of adjusting for variability in WM/GM contrast on age sensitivity of cortical thickness was tested in 1189 healthy subjects from six different samples, enabling evaluation of consistency of effects within and between sites and scanners. Further, the influence of Alzheimer's disease (AD) diagnosis on cortical thickness with and without correction for contrast was tested in an additional sample of 96 patients. In healthy controls, regional increases in the sensitivity of the cortical thickness measure to age were found after correcting for contrast. Across samples, the strongest effects were observed in frontal, lateral temporal and parietal areas. Controlling for contrast variability also increased the cortical thickness estimates' sensitivity to AD, thus replicating the finding in an independent clinical sample. The results showed increased sensitivity of cortical estimates to AD in areas earlier reported to be compromised in AD, including medial temporal, inferior and superior parietal regions. In sum, the findings indicate that adjusting for contrast can increase the sensitivity of MR morphometry to variables of interest.
Introduction
Stable and predictable changes in brain structure in healthy aging and Alzheimer's disease (AD) are documented by MRI studies (Allen et al., 2005; Fjell et al., in press; Ikram et al., in press; Jernigan et al., 2001; Raz et al., 2005; Raz and Rodrigue, 2006; Raz et al., 2004b; Resnick et al., 2000 Resnick et al., , 2003 Salat et al., 2004; Sowell et al., 2003; Thompson et al., 2007 Thompson et al., , 2004 Walhovd et al., 2009a Walhovd et al., , 2005 . Any MRI segmentation procedure is ultimately dependent on the contrast in signal intensity between gray (GM) and white (WM) matter. To the extent that age affects the WM/GM contrast, this could invalidate the observed age effects. Further, observed heterogeneity of age effects across the cortical mantle could be explained by regional differences in contrast. The present study was designed to test 1) whether age affects WM/GM contrast and 2) to what extent controlling for variability in contrast influences estimated age effects on cortical thickness and increases the effects of Alzheimer's disease (AD). Since large studies typically include multiple sites and scanners (e.g. Alzheimer's Disease Neuroimaging Initiative, http://www.adniinfo.org/), we tested these effects with a large multi-site dataset.
Most brain morphometric studies are based on T 1 -weighted MR scans. Partly due to differences in T 1 relaxation times between tissues, WM appears brighter than GM, making it feasible to separate the tissue classes based on intensity information. While some current segmentation approaches (e.g. Freesurfer, (Dale and Sereno, 1993; Dale et al., 1999; Fischl et al., 1999a) and other automated tissue classification procedures (Cocosco et al., 2003; de Boer et al., 2009; Vrooman et al., 2007) ) do not depend simply on WM/GM contrast alone, this information is invariably critical to any manual or automated segmentation procedure. The contrast in T 1 signal reflects neurobiological differences related to cell water and lipid content of the tissues. Aging and disease affects both the amount and structure of the myelin layer covering neuronal WM axons (Peters, 2002 ) and perhaps to a lesser degree, the cortical neuronal architecture Piguet et al., 2009) . Cellular changes such as myelin degradation affect the magnetic properties of cerebral tissues (Cho et al., 1997; Ogg and Steen, 1998; Raz et al., 1990; Steen et al., 1997) , giving rise to a decrease in tissue contrast along the WM/GM border. This reduction in contrast could lead to a less valid representation of the tissue border with increasing age (Raz and Rodrigue, 2006) or disease. Further, these alterations in signal intensity show regional variability (Imon et al., 1998; Ogg and Steen, 1998) . Tissue contrast is also affected by scanner and sequence parameters (Han et al., 2006; Jack et al., 2008) , and although several multi-sample studies and cross-scanner validations have been published (Fennema-Notestine et al., 2007; Fjell et al., in press; Han et al., 2006; Jovicich et al., 2009; Pardoe et al., 2008; Walhovd et al., 2009a , in press-a), the effect of site-dependent and between-subject variance in tissue contrast on age or diagnostic sensitivity has not been directly assessed.
In the present study, a novel procedure for adjusting estimated thickness for local WM/GM contrast on T 1 -weighted MRI volumes was used. Surface-based analyses of the age effects on both thickness and contrast were employed. Regional age sensitivity was compared between contrast adjusted and non-adjusted thickness data. Effects in composite measures like ratios may be caused by changes in one or both measures, so we further tested whether age-related alterations in WM/GM contrast were best described in terms of WM or GM signal intensity alterations. To address this question, contrast and intensity values sampled at seven different distances along the WM/GM border were mapped to a common surface and the sensitivity was compared over sampling distances across the surface. 1189 healthy subjects from six different samples scanned on six different scanners from two different vendors were included in the present study, enabling evaluation of consistency of age effects within and between site and
scanner. An additional sample of 96 AD patients from one of the six sites was included to test if correcting for contrast variability increases diagnostic sensitivity, thus addressing the clinical utility of the proposed procedure.
Materials and methods

Samples
The demographic details of each of the six healthy samples are described in Table 1 with key publications and selection criteria noted. The samples are overlapping with that of Fjell et al. (in press) except that sample 4 and the AD sample were added to the present study. The total number of included healthy participants was 1189 (58.8% females), with an age range of 75 years (18-93 years). Data for the AD versus controls analyses were drawn from the Open Access Series of Imaging Studies database (OASIS) (http://www.oasis-brains.org/). 96 AD subjects were included in the present study (mean age 76.6 years, range 62-96 years, 59% females). 93 healthy and age matched subjects (mean age 76.7 years, range 61-94, 74% females) were selected from the OASIS database to populate the control group. Education was higher in the control group (p b .05), with 3.3 vs 2.8 points (2: high school, 3: some college, 4: college grad.). Socioeconomic status did not differ significantly between groups (2.8 in AD vs 2.5 in controls, where a high degree indicates low status). Mean MMSE score was significantly lower (p b .05) (mean 24.4, range 14-30) in AD than controls (mean 28.9, range 25-30). Earlier studies sampling from this database have contrasted AD patients with healthy controls Dickerson et al., 2009b; Fotenos et al., 2008; Fotenos et al., 2005; Salat et al., 2009) . Recruitment, screening and MR acquisition details are described in depth elsewhere (Marcus et al., 2007) . All subjects underwent the Alzheimer's Disease Research Center's full clinical assessment, yielding clinical dementia rating (CDR) for all participants (Berg, 1988) . A global CDR of 0 was taken to indicate absence of dementia, and CDR of 0.5 or higher to indicate mild to moderate AD. Other active neurological or psychiatric illnesses, serious head injury, history of clinically significant stroke, use of psychoactive drugs and gross anatomical anomalies detected on MR were exclusion criteria.
All subjects gave their informed consent following the different institutions`guidelines, and were screened for history of neurological conditions. Although preclinical pathological processes cannot be (Folstein et al., 1975) . BDI: Beck Depression Inventory (Beck and Steer, 1987) . BIMCT: Blessed Information-Memory-Concentration Test (Blessed et al., 1968) . CDR: Clinical Dementia Rating (Berg, 1984 (Berg, , 1988 Morris, 1993) . GDQ: Geriatric Depression Questionnaire (Auer and Reisberg, 1997) . RH: Right handed. WASI: Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999 ruled out with certainty without extensive medical and neuropsychological evaluations and follow-ups, it is assumed that the reported age effects can be attributed to grossly non-pathological aging processes. 23 participants were excluded due to bad scan quality, including overfolding, MR artefacts, errors during data transfer or saving, converting errors, or deviant signal intensities in the MR volumes. While most of these artefacts were too small to cause disruption of the analyses stream, they were still excluded due to inadequate data quality. Of these 23 subjects were also a small number of participants excluded due to structural WM anomalies. The removal of 23 subjects is not assumed to have biased the data. Four subjects in the AD group were excluded due to less than optimal scan quality, bringing the sample down to 96 included AD patients.
MR acquisition
Details of the sequence parameters used are given in Table 2 . The AD datasets were acquired with the same parameters as sample 5. All subjects were scanned at 1.5T, but from two different vendors (Siemens, Erlangen, Germany; General Electric CO. [GE] , Milwaukee, WI), and five different models (Siemens Symphony Quantom, Siemens Sonata, Siemens Vision, Siemens Avanto and GE Signa). All samples were scanned on different scanners, but scanner was kept constant within each sample. T 1 -weighted 3D magnetization prepared gradient-echo (MP-RAGE) sequences were acquired for the Siemens scanners, and T 1 -weighted 3D spoiled gradient recalled (SPGR) pulse sequences for the GE scanners. Slice thickness varied between 1.25 mm and 1.5 mm with acquisition matrices of 192 × 192, 256 × 192 or 256 × 256 . In four of the samples (samples 2, 3, 4 and 5), multiple scans were acquired within the same session, and averaged to increase SNR. Examples of the scan quality from five samples (1-3, 5-6) are presented in Fig. 1 in Fjell et al. (in press (Dale and Sereno, 1993; Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 2002 Fischl et al., , 2004a Fischl et al., , 1999a Fischl et al., ,b, 2004b Segonne et al., 2004 Segonne et al., , 2005 Segonne et al., , 2007 , and then calculating the distance between these surfaces at each vertex across the cortical mantle. Importantly, the thickness maps are created using spatial intensity gradients across tissue classes and are therefore not simply reliant on absolute signal intensity. The maps are not restricted to the voxel resolution of the original data and are capable of detecting sub-millimeter differences between groups (Fischl and Dale, 2000) . This has been validated using histology and MR (Kuperberg et al., 2003; Rosas et al., 2002) . The volumes used for intensity calculation were resampled from native resolution to 1 × 1 × 1 mm, zero padded to 256 × 256 × 256 dimension, motion corrected and, where available, averaged over multiple acquisitions yielding one high signal-to-noise ratio (SNR) volume. While the full Freesurfer stream employs a number of normalization procedures prior to the final tissue classification, no further high-or low-frequency intensity normalization was performed on the volumes on which intensity values were computed. Sampling from intensity normalised volumes (i.e. where the different tissue classes are individually scaled to standardised distributions) would probably influence the present results by assuming indifferent mean intensities for each tissue class across subjects. Intensity values used to calculate WM/GM contrast were sampled at a distance of 0.2 mm from the WM/GM boundary (white surface). WM/GM contrast was computed by dividing each vertex' WM value at 0.2 mm from the white surface by the corresponding GM value at 0.2 mm from the white surface and projecting the ratio onto a common surface. Further five sampling distances were included in the WM (0.4, 0.6, 0.8, 1.0 and 1.2 mm) to test for possible age-related effects in WM intensity as a function of distance from the WM surface. The GM values were sampled towards the pial surface and the WM towards the center of the gyri. Each vertex across the mantle was thus represented with an estimated value of cortical thickness, six WM intensity values, one GM value and WM/GM contrast sampled at 0.2 mm towards both sides. To normalize intensities with respect to scanner and sequence related noise, mean ventricle CSF intensity was computed for each subject and included in the models as separate global regressors in addition to sex and sample. An automated subcortical segmentation procedure implemented in Freesurfer (Fischl et al., , 2004a ) was used to extract intensity values from the ventricle CSF. To minimize partial voluming effects at the outskirts of the ventricles, all ventricle segments were eroded in all three dimensions by 2 voxels prior to applying them as masks for mean intensity calculation. In addition, by use of an automated surface-based labeling system (Desikan Thickness, intensity and contrast maps were smoothed using a circularly symmetric Gaussian kernel across the surface with a full width at half maximum (FWHM) of 15 mm and averaged across participants using a non-rigid high-dimensional spherical averaging method to align cortical folding patterns (Fischl et al., 1999a) . This provides accurate matching of morphologically homologous cortical locations among participants on the basis of each individual's anatomy while minimizing metric distortion, resulting in a measure of interest for each person at each vertex on the reconstructed surface. The surface reconstruction and segmentation procedures are basically run in an automated fashion, but require manual supervision of the accuracy of the spatial registration and the tissue segmentations steps. The types of errors that most often required manual user intervention in the current datasets were insufficient removal of non-brain tissue (typically dura in superior brain areas and vessels adjacent to the cortex, especially in the temporal lobes and orbitofrontal cortices). In addition, in presence of local artefacts, small parts of WM may mistakenly be segmented as GM, thus obscuring the WM/GM boundary. All volumes were visually checked for accuracy, and the types of segmentation errors mentioned above were manually corrected by trained operators. Small manual edits were performed on most (N80%) subjects, usually restricted to removal of vessels orbitofrontally included in the cortical surface. Although the scan quality varied between samples, we do not think the manual interventions biased the present results. It has been argued that manual interventions are not necessary, and that cortical thickness can be estimated reliably across field strength, scanner upgrade and manufacturer without manual interventions (Han et al., 2006 ). This was not tested in the present study.
Statistical analyses
Regional effects of age and diagnosis on thickness, tissue contrast and intensity were tested by General Linear Models (GLMs) at each vertex. Sex and sample were treated as covariates in all cross sample analyses, and differential age-related slopes per sex and sample were allowed (different intercept and slopes assumed). To estimate the effects of age on the different metrics independently, the vertex-wise values were included as per-vertex-regressors (PVRs) in the GLMs. This allowed for testing the effects of the global regressors while controlling for a vertex-wise measure. It was thus possible to model the regional effects of age or diagnosis on cortical thickness while controlling for WM/GM contrast in the corresponding vertices. As we in an overlapping sample recently found no additional explanatory value in adding the square of age in the models (Fjell et al., in press), we only modelled linear effects of age in the present study. The resulting statistical maps were mapped to a semi-inflated common surface using the correspondence established by the spherical registration. To test the effects of adjusting for local contrast on the age-and diagnosis-thickness relationships, the results from the GLMs with and without PVRs were compared. For both age and AD analyses, thickness and contrast were computed within various cortical regions of interest (ROIs), and the mean values were submitted to linear regressions to estimate the effects of age and diagnosis on thickness when adjusting for contrast and not. In addition to unstandardized and standardized betas, t and p statistics, the squared ratios of the tscores from the linear regressions with/without contrast are reported as an indicator of effect of contrast adjustment. A squared ratio N1 was taken as an indication of increased power. The significance of changes in effect sizes were tested by t-tests of the standardized betas in selected anatomically distributed ROIs. The ROIs for the AD analyses were selected based on previous studies showing regional cortical thinning in AD in an overlapping sample (Dickerson et al., 2009a) . Finally, effects of age on the surface mapped composites of the contrast ratio (signal intensities) were tested with GLMs and plotted as a function of age and sampling distance from the white surface.
Results
Cortical thinning and contrast decay in aging
Results from the GLMs testing age effects on thickness and contrast are displayed in Fig. 1 . Warm colors denote areas with significant agerelated thinning (p b .05). As earlier reported (Fjell et al., in press ), strong and wide-spread thinning of the cerebral cortex was observed the results from GLMs testing the effect of age on thickness (top row), contrast (middle row) and thickness adjusted for contrast (bottom row). Warm colors denote areas with age-related thinning or contrast decay across samples. Adjusting for contrast increases age sensitivity in large portions of the surface compared to when not adjusting for contrast.
across samples (upper row). As evident at the middle row in Fig. 1 , age-related contrast decay was observed across large portions of the surface, and was particularly pronounced bilaterally in medial and lateral frontal regions. Strong effects were also observed in the lateral temporal lobes extending into the temporo-parietal junction and inferior parietal regions. In general, there was substantial overlap between areas of cortical thinning and contrast decay.
Adjusting for contrast in thickness analyses of aging Importantly, age effects on thickness increased when adjusting for contrast (Fig. 1, bottom row as compared to the upper row) . 16 ROIs were selected for further statistical analyses. Table 3 shows the ROI results from the linear regressions with and without adjusting for anatomically corresponding contrast. All ROIs tested showed a significant cortical thinning with advancing age. The unstandardized betas indicate estimated thinning in mm per decade before and after regressing out contrast. As evident from the t-ratios, an increased power was observed in most ROIs after correcting for contrast. Strongest increases, as indicated by t-ratios, were seen bilaterally in the medial orbitofrontal, paracentral, precentral and the entorhinal cortices. Decreases were observed bilaterally in the superior frontal gyrus, superior and middle temporal gyrus, and the right pericalcarine and inferior parietal gyrus. T-tests of the difference between the standardized betas indicated significant (p b .01) effects of adjusting for contrast in all ROIs except in the right parahippocampal area. Fig. 2 shows estimated betas (indicating age-related thinning scaled to mm per decade) for each independent sample before and after correcting for contrast. Although this does not necessarily reflect increased sensitivity per se or allows for inferences on significance, all samples showed regional increases in unstandardized betas across the surface, indicating relative stability across groups in the effects of adjusting for contrast.
Adjusting for contrast in thickness analyses of AD Fig. 3 shows the results from the GLMs testing the difference between AD and controls in cortical thickness (upper row). Warm colors denote areas with a relative thinning in AD compared to controls. A characteristic regional pattern of cortical thinning in AD was found in medial temporal areas, precuneus, retrosplenial cortex and anterior portions of the lateral temporal lobes, inferior and superior parietal areas as well as caudal and rostral middle frontal gyri. After adjusting for contrast (Fig. 3, bottom row) , the observed effects were regionally enlarged and strengthened, including greater portions of the inferior and superior parietal gyri, the precuneus, medial and lateral frontal and temporal regions. Results from the ROI analyses are given in Table 4 . The unstandardized betas indicate mean cortical thinning in AD relative to controls. Of the 32 selected ROIs, 24 initially showed a significant (p b .05) difference in thickness between groups. Largest group differences as indicated by beta were found in the entorhinal and right parahippocampal cortices, the inferior, middle and superior temporal and inferior parietal gyri. No significant difference was found bilaterally in paracentral or pericalcarine sulci, in -1 per decade) mapped to a common surface. For within sample comparison purposes, the scale differs between samples. Warmer colors denote steeper negative regression slope, blue denotes age-related thickening, seen in the subgenual area of sample 5 and 6. As estimates of residual variance are not accounted for here, an increase or decrease in estimated beta does not necessarily reflect significant changes in age-related cortical thinning.
the left parahippocampal or in the left posterior cingulate cortex. As evident in Fig. 3 (bottom row), regionally increased effects were observed after controlling for contrast. This was confirmed in the ROI analyses. The results after contrast correction yielded significant group differences in the left parahippocampal and the left paracentral region, and 30 of 32 ROIs showed a relative increase in power as indexed by the a t-ratio N1. Decreases in power were found bilaterally in the entorhinal cortices, but this area still yielded the largest difference in thickness between groups, as indicated by beta. Among the areas showing a significant group difference, the largest relative increases in power were found bilaterally in the mOFC, the paracentral regions (right hemisphere not significantly related to AD), posterior cingulate (right hemisphere not significantly related to AD), precentral, inferior temporal and superior parietal regions. To test the significance of the changes in effect sizes, standardized betas from seven bilateral ROIs earlier reported to be affected by AD (inferior parietal, inferior temporal, isthmus cingulate, middle temporal, superior temporal, superior parietal, entorhinal) were submitted to statistical analyses. Of the 14 bilateral ROIs, 9 showed a significant (p b .05) increase in effect size (L/R inferior parietal, L/R inferior temporal, R isthmus, L/R middle temporal and L/R superior temporal), two showed a significant decrease (L/R entorhinal) and 3 showed no evidence (p N .05) of changed effect sizes (L isthmus and L/ R superior parietal).
ROI analyses: thickness, contrast and aging
For comparison over samples 1-6, results from ROI based correlation analyses between mean thickness and age and between mean contrast and age per sample are given in Supplementary Tables  1 and 2 . Key results are briefly noted here. Both thickness and contrast showed significant bilateral negative age-related associations in most ROIs. The results supported the vertex based GLMs suggesting large and wide-spread negative correlations with age, with some exceptions. For tissue contrast, the lateral occipital and lingual cortices showed significant or trend negative effects of age in all samples except sample four, where trend (lateral occipital) and significant (lingual) positive correlations with age were found. Similar patterns were observed in the post central and pericalcarine cortices. The overall regional pattern of age-related thinning and contrast decay was relatively consistent across samples. Pearsons's correlations between thickness and contrast in each ROI before and after partialling out age are given in Supplementary Table 3 and  Supplementary Table 4 for each sample. The results generally showed large regional variability, and no evidence of a uniform relationship between thickness and tissue contrast was found.
Surface-based analyses: WM and GM signal intensity and age Effects on WM/GM contrast could reflect changes in either WM or GM signal intensity, or both. Fig. 4 shows the results from GLMs testing the effects of age on signal intensities at different sampling distances from the white surface. Significant regional decay (blue areas) in signal intensity with advancing age was found in several Fig. 4 . Effects of age on signal intensities sampled at different distances from the WM surface. Statistical p maps showing the results from GLMs testing the effect of age on signal intensity mapped at six different distances from the white surface. Cold colors indicate attenuated signal with advancing age while warm color indicate the opposite relation. The statistical maps were thresholded at p b 10 − 6 to allow for visual inspection of regional variability over measures. Mean ventricle CSF intensity for each subject was included in the models to account for scanner related noise.
areas. The effects were more pronounced for WM than for GM and the WM effects increased as a function of distance from the white surface. The results showed bilateral WM signal attenuation in the lateral occipital and posterior parts of the middle and inferior temporal gyri, the isthmus, precuneus and posterior cingulate gyri. Further, changes were found in large portions of the lateral frontal cortices, including rostral middle frontal gyrus, and medially in anterior parts of superior frontal and medial orbitofrontal gyri and the frontal poles. Sample related variability is displayed in Supplementary Table 5 and Fig. 5 , which illustrates the amount of explained variance per sample in seven selected ROIs (superior frontal gyrus, superior temporal gyrus, lateral occipital gyrus, medial orbitofrontal cortex, precuneus, precentral and pericalcarine of the left hemisphere) at different sampling distances. Increased sampling distance from the white surface generally increased age sensitivity, levelling off at approximately 0.8 mm into the WM. Samples 2-5 showed moderate to strong relations with age in most ROIs, supporting the findings from the surface-based analyses. Signal intensity was not sensitive to age in sample 1 and 6.
Discussion
There were three main findings. First, correcting for WM/GM contrast increased both age and diagnostic sensitivity in several regions. Second, wide-spread age-related contrast decay was found, especially pronounced in frontal regions. The effects were largely overlapping with areas of cortical thinning. Third, age-related contrast decay was mainly due to decreased signal intensity in WM. The findings will be discussed below.
Increased age sensitivity after adjusting for contrast variability Consistent age and AD related cortical thinning in samples overlapping with the current has been reported (Dickerson et al., 2009a; Fjell et al., in press ). However, it has not been known to what extent these thickness effects are influenced by changes in contrast, rather than actual thickness changes per se. Further, in none of these publications have analyses on contrast or intensity parameters been conducted. Thus, the main scope of the present study is nonoverlapping with the themes of the earlier reports. Regional heterogeneity of effects across the cortical mantle may be influenced by regional variability in contrast (Han et al., 2006; Jernigan et al., 2001; Raz and Rodrigue, 2006; Salat et al., 2004) , but this has not been tested. Increased sensitivity for thickness changes in age and AD were found when correcting for local contrast, in general yielding both stronger and anatomically more wide-spread effects. One viable explanation is that contrast differences between subjects is a source of noise in the cortical thickness estimations, and removing this noise will yield more accurate results, thus strengthening the observed effects. Decreased contrast in elderly participants could lead to overor underestimation of cortical thickness relative to younger participants, thereby reducing the sensitivity to real cortical thinning in aging. Likewise, non-cortical changes in AD may influence the segmentation procedures and mask actual disease related changes , precun: precuneus, precent: precentral, pericalc: pericalcarine. in thickness. In healthy aging, both cortical thinning and contrast decay were observed over large portions of the surface, and thinning was still prominent after accounting for the shared variance between measures. Cortical thickness and tissue contrast may thus represent two distinct indices of cerebral structure, and are possibly indexing different neurobiological properties. The increase in sensitivity was replicated in the AD sample. The AD and control group were carefully matched on age, showing that the influence of tissue contrast on thickness estimates is not merely related to age-related effects. Also, the increased sensitivity for AD demonstrated that the effects of controlling for contrast differences were not merely due to between sample variability in contrast, and the procedure may thus also be used to increase the sensitivity of single-site data. More studies are needed to strengthen this finding.
The utility of the proposed correction procedure should be tested on other groups where alterations in contrast are expected. For instance, brain development is characterized by myelination of WM fibers close to the cortical mantle, thereby increasing tissue contrast on T 1 -weighted images. Extrapolating the current age findings to the earliest part of the life span, an overestimation of the cortical thickness in early development is hypothesized due to decreased myelin density close to the cortical surface. This could potentially have exaggerated the reported maturational thinning from childhood through adolescence (Courchesne et al., 2000; Gogtay et al., 2004; Shaw et al., 2008; Sowell et al., 2004) . Accounting for regional alterations in tissue contrast may provide improved estimates of the morphometric changes in development. More studies are needed to test this hypothesis. Cortical abnormalities have been shown in various clinical groups like Mild Cognitive Impairment (MCI) and AD (Dickerson et al., 2009a (Dickerson et al., , 2009b Fjell et al., 2008a; Im et al., 2008; Lerch et al., 2008; Seo et al., 2007; Singh et al., 2006; Thompson et al., 2007 ), Huntington's disease (Rosas et al., , 2002 (Rosas et al., , 2008 , ADHD (Makris et al., 2007; Shaw et al., 2006) and Schizophrenia (Kuperberg et al., 2003; Nesvag et al., 2008) . In order to increase the clinical utility of morphometric analyses, further studies should be conducted to test if the presented correction procedure also increases sensitivity in such clinical groups. This may enhance diagnostic sensitivity and thus increase the efficiency of clinical trials. Also, increased sensitivity could lead to earlier detection of progressive conditions, which could provide patients with alternative interventions and health care at an earlier stage of disease progression.
Age-related tissue contrast and WM signal decay
The tissue contrast along the WM surface diminished with advancing age, especially in frontal, lateral temporal and precuneal areas. Several factors could have contributed to this finding. It has been speculated that T 1 -decay in aging is partly due to bioaccumulated iron in the cerebrum, and that this decay shows regional variability (Ogg and Steen, 1998) . This underlines the importance of including vertex-wise regressors as was done in the current study. Age-related changes in T 1 may also be caused by alterations in structure and density of myelin sheaths covering the axons, primarily in WM (Koenig et al., 1990) . Substantial myelin related changes in aged monkeys have been reported (Peters, 2002) , including accumulation of water containing balloons in the myelin sheaths (Feldman and Peters, 1998) , formation of redundant myelin, splitting of the myelin lamellae and loss of small myelinated nerve fibers (Marner et al., 2003; Peters, 2001, 2003) . Age-related changes in the architecture of myelinated neurons are known to affect the signal obtained from T 1 -weighted MR sequences, with a shortening of T 1 in early development (Barkovich, 2000) and a relative lengthening of the T 1 in aging (Agartz et al., 1991; Steen et al., 1997) . It has been suggested that the age-related cerebral decay mimics an inverse ontogenesis, so that the last areas to mature are the first to decline in aging and are also more vulnerable to disease (Bartzokis, 2004) . The relatively strong age-related fronto-temporal gradient in contrast and signal decay observed in the present study supports this notion. The data analysed in the present study do not allow for quantitative analyses of changes in T 1 , but indirectly indicate a significant lengthening of WM T 1 close to the WM surface. Although some agerelated decay in GM intensity was found, the strongest effects were observed in WM resulting in reduced WM/GM contrast. In accordance with the high propensity of age-related changes in small WM nerve fibers, Tang et al. (1997) reported a 27% reduction of total length of myelinated fibers using stereological methods on human data. Further, a recent human post mortem study concluded with stronger age-related changes in WM than GM (Piguet et al., 2009 ) in healthy aging. Intensity analyses showed that the WM effects were larger closer to the center of the gyri relative to the tissue boundary. It is speculated that thin myelinated fibers close to the cortical mantle are especially prone to age-related decay (Bartzokis, 2004; Marner et al., 2003; Peters, 2001, 2003) . Due to methodological constraints related to image resolution and a high degree of crossing nerve fibers close to the cortical mantle, neuroimaging data supporting this hypothesis is scarce. Utilising high resolution T 1 -weighted data in conjunction with a surface-based mapping procedure allowed detailed analyses not ultimately constrained by voxel resolution. The results from the present study suggest that non-pathological aging is associated with substantial T 1 -lenghtening along the white surface, possibly related to changes in the density and architecture of the thin myelinated fibers intersecting the tissue boundary. The observed effects were especially pronounced in anterior portions of the brain, supporting diffusion tensor imaging (DTI) studies showing that the WM of the frontal lobe is disproportionally vulnerable to age-related alterations compared to other regions Sullivan and Pfefferbaum, 2006) . Further studies are needed to delineate the agerelated changes in WM signal intensities to establish whether its trajectory is best explained by linear or nonlinear functions (Agartz et al., 1991) .
Limitations
The present results are based on cross-sectional rather than longitudinal data. Thus, interpretations regarding continuous processes in aging and AD must be done with great caution. Further studies utilizing longitudinal data are needed to explore the aging effects on tissue contrast, and how this relates to cortical thickness estimates on an individual basis. Another limitation of the interpretation of the results is that the analysed data do not allow for detailed quantitative measurements of T 1 . The T 1 -weighting relative to other parameters such as proton density (PD), T 2 and T 2 ⁎ varies between samples, yielding differential qualitative information available in the signal intensities. This was evident evaluating the age sensitivity of WM intensities, where two of the samples exhibited marginal agerelated changes (sample 1 and 6), while the other samples showed relatively consistent age sensitivity. The datasets in sample 1 and 6 were obtained using SPGR sequences from GE scanners, while the other samples were obtained using MP-RAGE sequences on Siemens hardware, which provides much stronger T 1 -weighting. In accordance with this, a recent study found high reliability of thickness estimates (i.e. tissue border classification) using non-identical but similar MP-RAGE sequences (Wonderlick et al., 2009) . Although probably less pertinent to the matter of age sensitivity, another discrepancy is that there was only one acquisition in samples 1 and 6.
The results indicate that controlling for contrast increases sensitivity to age-related thickness changes across samples. This is encouraging, as it supports pooling of multiple samples and the use of legacy data in large scale multi-site studies (Fennema-Notestine et al., 2007) . An inherent limitation to neuroimaging data, however, is that they do not provide direct measures of the neurobiological substrates underlying signal intensity or morphometric properties. The cerebral effects of aging and disease progression are probably caused by a highly non-uniform collection of neurobiological perturbations (Raz and Rodrigue, 2006) . The effects of age and disease on MR derived brain properties are therefore inherently dependent upon the indices collected and analysed. There are several possible causes for the observed signal decay in WM with advancing age, including accumulated iron (Jara et al., 2006; Ogg and Steen, 1998) and alterations in the architecture of myelinated axons (Barkovich, 2000 (Barkovich, , 2005 . The available data do not permit excluding or favouring of any of the possible factors. Further, the same underlying neurobiological processes may cause changes in both cortical thickness and tissue contrast, and the present data does not permit us to differentiate between possible unique effects on either measure. The present surface-based segmentation procedure does unfortunately not allow for detailed mapping and analyses of possible similar intensity and contrast changes in subcortical WM/GM boundaries as observed close to the cortical surface. Further studies are therefore needed to explore the intensity and contrast dynamics in deeper structures. Another limitation is the spatial resolution of the MR images. Although the employed surface-based mapping allows morphometric inferences on a sub-millimeter scale (Dale et al., 1999; Fischl et al., 1999a; Rosas et al., 2002) , the mapped intensity values are still dependent on the native resolution of the images. The volume mapping was done by weighted linear interpolations between intersecting voxels, and although this may provide a close approximation of the intensity gradient from GM to WM, it does not allow for valid inferences on a cortical laminar level.
Conclusion
The present results indicate that adjusting for local variability in tissue contrast increases cortical thickness sensitivity to AD and healthy aging. The mechanisms by which this increase is best explained are not known, but it is hypothesized that the procedure corrects for overestimations of thickness in subjects with regionally reduced tissue contrast, probably related to alterations in myelin density and water compartments close to the white surface. Further studies are needed to confirm whether employing the same correction procedure increases the diagnostic sensitivity also in other samples and in other clinical groups, thereby increasing the efficiency of clinical trials and contributing to earlier detection of progressive illnesses like AD.
